Boone, CH, Hoffman, JR, Gonzalez, AM, Jajtner, AR, Townsend, JR, Baker, KM, Fukuda, DH, and Stout, JR. Changes in plasma aldosterone and electrolytes following high-volume and highintensity resistance exercise protocols in trained men. J Strength Cond Res 30(7) : 1917-1923, 2016-Program variables such as training intensity, volume, and rest interval length are known to elicit distinct hormonal, metabolic, and physical responses. However, little is known regarding resistance exercise (RE) program design and the fluid regulatory response. This investigation aimed to compare the plasma aldosterone (ALD), electrolyte, plasma volume (PV), and osmolality (P osm ) responses following high-volume (HV; 4-6 3 10-12 reps, 70% 1 repetition maximum [1RM], 60-s rest) and high-intensity (HI; 6 3 3-5 reps, 90% 1RM, 180-second rest) RE protocols. Ten experienced, resistance-trained men (24.7 6 3.4 years; 90.1 6 11.3 kg; 176.0 6 4.9 cm) performed each protocol in a random, counterbalanced order. Blood samples were obtained at baseline (BL), immediately (IP), 30 minutes (30P), and 1 hour (1H) postexercise. Significant trial 3 time interactions (p , 0.01) were observed in P osm , sodium (Na + ), and potassium (K + ), whereas a trend (p = 0.06) was observed for ALD. The PV shift from BL-30P was greater than BL-IP and BL-1H (p # 0.05), but no significant between-trial differences were noted. Comparisons between RE protocols revealed significantly greater (p # 0.05) elevations during HV vs. HI in P osm at IP, 30P, and 1H; and Na + at IP and 30P. During HV, significant reductions (p # 0.05) were noted in K + at IP compared with HI. Area under the curve analysis indicates a trend (p = 0.07) toward a higher ALD response following HV compared with HI. Results of this study indicate that high-volume, moderate-intensity resistance exercise seems to augment the fluid regulatory response to a greater extent than low-volume, high-intensity training.
INTRODUCTION
R esistance exercise (RE) protocols are often developed for specific training goals. Although some protocols are designed to maximize muscle strength, others may focus on maximizing muscle hypertrophy. Strength protocols typically involve high intensities ($85% 1 repetition maximum [1RM]), low volumes (2-6 sets; #6 repetitions), and longer rest intervals (3-5 minutes), whereas hypertrophy protocols typically involve moderate intensities (67-85% 1RM), high volumes (3-6 sets; 8-12 repetitions), and shorter rest intervals (30-90 seconds) (27) . Modification of program variables surrounding RE prescription (i.e., exercise intensity, volume, and rest interval length) have been suggested to promote distinct responses among several circulating anabolic hormones following an acute bout of RE (29, 30) . However, examination of the acute response of hormones involved in fluid regulation (e.g., aldosterone) following RE is limited.
Aldosterone (ALD) is a principal component of fluid regulation, which responds to changes in circulating electrolytes and plasma volume (PV) causing increased thirst and renal water and sodium (Na + ) retention in an attempt to maintain body fluid homeostasis (2) . Significant elevations in ALD have been reported following aerobic exercise (21, 23) ; however, to our knowledge, only 1 study has examined the ALD response to RE. During their investigation, Kraemer et al. (17) reported no change in ALD concentrations following a single set of leg press performed to volitional fatigue. It should be noted, however, that 1 set to failure is not a typical training scheme used in a multiexercise RE protocol and may not accurately exemplify the ALD response to a full-length training session.
Changes in PV, osmolality (P osm ), and circulating electrolytes are generally thought to be dependent on the intensity (5, 8, 18, 20, 22) and duration (5, 18, 25) of endurance exercise. However, the impact of acute program variables on mechanisms of fluid regulation during RE remains relatively unknown. In limited studies, moderate-to high-intensity RE (e.g., 70-87% 1RM) has been shown to elicit increases in P osm (17, 26) and plasma Na + (24, 26) and reductions in PV (6, 26) and plasma potassium (K + ) (16, 26) during recovery. However, no studies to our knowledge have compared the effects of different RE paradigms on changes in these fluid regulatory variables. Thus, the purpose of this investigation was to examine the influence of high-volume and highintensity RE protocols on the fluid regulatory response in experienced, resistance-trained men.
METHODS

Experimental Approach to the Problem
To assess and compare the acute fluid regulatory response to 2 common RE protocols, subjects reported to the Human Performance Laboratory (HPL) on 3 separate occasions. During their first visit, subjects were screened and informed of all study procedures, expectations, and potential risks. In addition, subjects' maximal strength (1RM) was determined on all lifts involved in the exercise protocols. On each of the subsequent visits, subjects performed 1 of the 2 randomly assigned acute RE protocols: (a) high-volume, low-intensity (HV), or (b) low-volume, high-intensity (HI). Experimental trials were performed in a counterbalanced, randomized order, and were separated by a minimum of 1 week to ensure adequate recovery. Each subject performed experimental trials at the same time of day to avoid any potential diurnal effect. On the morning of each trial, subjects reported to the laboratory after a 10-hour overnight fast and having refrained from all forms of moderate to vigorous exercise for the previous 72 hours. Additionally, subjects were asked to provide a 24-hour dietary log preceding the first experimental trial and were instructed to replicate the content, quantity, and timing of their daily diet during the 24 hours before the second experimental trial. Subjects were also instructed to consume 0.5 L of water the night before and the morning of each experimental trial. As hydration status has shown to impact RE performance (14) and endocrine responses (15) , subjects provided a urine sample upon arrival to the laboratory for analysis of urine-specific gravity (USG) by refractometry to ensure euhydration (defined as USG #1.020). Subjects were permitted to drink water ad libitum during experimental trials and volume of water consumption was recorded. Following each RE protocol, subjects remained in the HPL for all postexercise assessments. Blood samples during experimental trials were obtained at baseline (BL), immediately postexercise (IP), 30-minute postexercise (30P), and 1-hour postexercise (1H) to quantify circulating electrolytes, plasma ALD, PV, and P osm .
Subjects
Ten resistance-trained men (24.7 6 3.4 years; 90.1 6 11.3 kg; 176.0 6 4.9 cm) were recruited to participate in this research study. Subjects had 6.7 6 4.6 years of resistance training experience with an average maximum barbell back squat of 172.7 6 25.2 kg. All subjects were free of any physical limitations that may affect performance. Additionally, all subjects were free of any medications and performance enhancing drugs, as determined by a health and activity questionnaire. Following an explanation of all procedures, risks, and benefits, each subject provided his informed consent before participation in this investigation. The research protocol was approved by the New England Institutional Review Board before subject enrollment.
Procedures
Maximal Strength Testing. Before 1RM testing, subjects performed a standardized warm-up consisting of 5 minutes on a cycle ergometer against a light resistance, 10 body weight squats, 10 walking lunges, 10 walking hamstring stretches, and 10 walking quadriceps stretches. The 1RM test for the barbell back squat and leg press were performed using previously described methods (13) . Subjects performed 2 warm-up sets at 40-60% and 60-80% of his perceived 1RM, respectively, before performing 3-4 subsequent trials to determine the 1RM. A 3-to 5-minute rest period was provided between each trial. For all other exercises, the 1RM was assessed using a prediction formula based on the number of repetitions performed to volitional fatigue using a given weight (1). Trials not meeting the range of motion criteria for each exercise or using improper technique were discarded.
Experimental Trials. During each experimental trial, subjects performed the standardized warm-up routine described above, followed by a lower-body RE protocol. Table 1 depicts the high-volume (HV) and high-intensity (HI) RE protocols. All subjects were familiar and experienced in using these training protocols during their recent training history. During each protocol, subjects were verbally encouraged to complete each set. If the subject was unable to complete the desired number of repetitions, spotters provided assistance until the remaining repetitions were completed. In the event of forced repetitions, the load was adjusted so that subjects were able to perform the specific number of repetitions for each subsequent set.
To control for diet, subjects were provided a standardized low protein, low carbohydrate breakfast (7 g protein, 3 g carbohydrate, and 3 g fat; Atkins Nutritionals, Inc., Denver, CO, USA) following BL assessments. Immediately following IP blood sampling, subjects were also provided a flavored drink (355 ml; 0 g protein, 2.5 g carbohydrates, 0 g fat).
Blood Measurements. During each experimental trial, all blood samples were obtained using a Teflon cannula placed in a superficial forearm vein using a 3-way stopcock with a male luer-lock adapter and plastic syringe. The cannula was maintained patent using an isotonic saline solution (Becton Dickinson, Franklin Lakes, NJ, USA). BL blood samples were obtained following a 15-minute equilibration period. IP blood samples were taken within 1 minute of exercise cessation. Subjects were instructed to lie in a supine position for 15 minutes before 30P and 1H blood draws.
At each time point, blood samples were collected into two 6 ml Vacutainer tubes-1 containing sodium heparin and the other K 2 EDTA (Becton Dickinson, Broken Bow, NE, USA). Whole-blood samples were used for immediate quantification of circulating electrolyte concentrations, hematocrit, and hemoglobin concentrations. The remaining blood was subsequently centrifuged at 3,000g for 15 minutes at 48 C. The resulting plasma samples were used to determine P osm or aliquoted into separate microcentrifuge tubes and frozen at 2808 C for later analysis.
Biochemical Analyses. Whole-blood electrolyte concentrations (i.e., Na + , and K + ) were determined via ion-selective electrodes (EasyLyte; Medica Corporation, Bedford, MA, USA). Hematocrit concentrations were analyzed from whole blood via microcentrifugation (CritSpin, Iris International, Inc., Westwood, MA, USA) and microcapillary technique. Hemoglobin concentrations were analyzed from whole blood using an automated analyzer (HemoCue, Cypress, CA, USA). PV shifts were then calculated using previously established methods (7) . Because of the importance of molar exposure at the tissue-receptor level, blood variables were not corrected for PV shifts. P osm was measured by freezing point depressions (Model 3320, Micro-Sample Osmometer; Advanced Instruments, Inc., Norwood, MA, USA). To eliminate interassay variance, all samples were analyzed in duplicate by a single technician. Coefficient of variation for each assay was 0.6% for Na + , 0.4% for K + , 0.5% for P osm , 0.4% for hematocrit, and 0.6% for hemoglobin.
Circulating concentrations of plasma ALD were assessed by enzyme-linked immunosorbent assay (EIA5298; DRG International, Inc., Mountainside, NJ, USA). Analysis was conducted using a spectrophotometer (BioTek Eon, Winooski, VT, USA). To eliminate interassay variance, all samples were thawed once and analyzed in duplicate by a single technician. The coefficient of variation for ALD was 2.5%.
Statistical Analyses
Before statistical procedures, all data were assessed for normal distribution, homogeneity of variance, and sphericity. If assumptions of sphericity were violated, a GreenhouseGeisser correction was applied. Between-trial differences in biochemical changes were analyzed using a 2 -way (trial 3 time) analysis of variance. In the event of a significant F ratio, LSD post hoc tests were used for pairwise comparisons. Area under the curve (AUC) was also calculated for ALD using a standard trapezoidal method and was further analyzed by paired samples t-tests. For effect size, partial etasquared statistics were calculated. According to Green et al. (11) , 0.01, 0.06, and 0.14 were interpreted as small, medium, and large effect sizes, respectively. Significance was accepted at an alpha level of p # 0.05, whereas trends toward significance were acknowledged at an alpha level of p # 0.10. All data are reported as mean 6 SD.
RESULTS
Preexercise Hydration Status and Workout Volume
All subjects were adequately hydrated (USG #1.020) before each trial, and there was no significant difference between trials for baseline USG (p = 0.980). No significant differences were observed between trials for water consumption during each protocol (p = 0.337, HV: 2,007.5 6 679.5 ml; HI: 2,400.0 6 765.9 ml). However, a significant difference (p = 0.010) was noted in workout volume-calculated as sets 3 load 3 repetitions-between HV (45,300 kg) and HI (33,633 kg). The HV training protocol also resulted in significantly higher plasma lactate responses than HI. These results though are reported elsewhere (9). Plasma Osmolality. Changes in P osm are displayed in Table 2 . A significant time 3 trial interaction was observed for P osm (F = 8.655; p , 0.001; h 2 = 0.325). During HV, P osm was significantly greater at IP (p , 0.001), 30P (p = 0.002), and 1H (p = 0.006) compared with HI. In addition, P osm was significantly elevated from BL at IP (p , 0.001 during HV), whereas P osm was significantly reduced from BL at 30P (p = 0.037), and trended (p = 0.056) toward reduction at 1H during HI.
Plasma Electrolytes. Changes in plasma electrolyte concentrations are also displayed in Table 2 . A significant time 3 trial interaction was observed for Na + (F = 13.029; p , 0.001; h 2 = 0.420). Plasma Na + concentrations were significantly greater during HV than HI at IP (p , 0.001) and 30P (p = 0.001). During HV, plasma Na + concentrations were 
DISCUSSION
This study examined the fluid regulatory response to 2 different RE protocols in resistance-trained men. The HV and HI protocols used were typical of those used primarily for hypertrophy and strength development, respectively (27) . The main findings of this investigation indicate that RE elicits a significant decrease in PV, whereas high-volume, moderateintensity RE protocols with short rest intervals (e.g., 1-minute) seem to result in a significant increase in P osm . Compared with HI, HV also elicited significantly greater elevations in plasma Na + at IP and 30P and significantly lower K + concentrations at IP only. Collectively, these changes in circulating electrolytes and fluid dynamics during HV seem to influence a trend toward an elevation in plasma ALD. Moderate-to high-intensity RE (e.g., 70-87% 1RM) has been previously shown to cause PV decreases of up to 22% from baseline levels (4, 6, 10, 26) . These reductions in PV typically return to resting levels within 30-60 minutes of exercise cessation (4, 6, 10, 26) . The PV responses seen in this study, 2 and 8% following HI and HV, respectively, were also observed to return to preexercise values by 30P and are consistent with the aforementioned studies. Despite the transitory reduction in PV following both RE protocols, P osm continued to remain elevated through 30P during HV only. This is consistent with a previous study by Ploutz-Snyder et al. (26) who reported an elevation in P osm and a decrease in PV for approximately 45 minutes of recovery following a moderate-intensity, moderate-rest (6 3 10-RM, 2-minute) back squat protocol. However, Kraemer et al. (17) examining a single set of moderate intensity (80% 1RM) leg press exercise performed until volitional exhaustion (;21 repetitions) reported a significant increase in P osm at IP but observed no significant change in PV. Others comparing single-set (1 3 10-RM) and multiple-set (3 3 10-RM) RE protocols (each protocol used 8 exercises with 1-minute rest between each set) reported decreases in PV (210.3 6 4.2% and 212.2 6 5.1%, respectively), but no differences were noted between the training protocols (10). Similarly, Nicholson et al. (24) reported similar decreases in PV following 2 different back squat protocols (4 sets of 6 repetitions at 85% 1RM, 5-minute rest vs. 4 sets of 10 repetitions using 70% 1RM, 1.5-minute rest). In contrast, Craig et al. (6) compared a 10-RM, short rest (1-minute) RE protocol to a 5-RM, long rest (3-minute) RE protocol and reported a greater decrease in PV following the 10-RM (222.6 6 2.3%) vs. the 5-RM protocol (213.0 6 1.2%). Subjects in that study performed 3 sets of 9 exercises (whole body), with the leg press exercise being performed 3 different times during the circuit-type exercise protocol. This was consistent with other studies that also reported a greater PV decrease following high-volume RE (31) . It appears that the magnitude of the PV deficit during RE may be dependent on changes in the acute program design. However, many of these studies (6,10,31) did not report on any other fluid regulatory markers (e.g., P osm , electrolytes, fluid regulatory hormones). The results of the present study appear to be more consistent with those of Gotshalk et al. (10) and Nicholson et al. (24) , as no differences were noted in the PV response between the 2 contrasting RE protocols. Based on the changes observed in both the P osm and the electrolyte response to the different RE protocols, it appears that altering multiple acute program variables (e.g., training intensity, training volume, and rest) may provoke a greater change in the fluid regulatory response to RE. However, it should be noted that changes in fluid shifts provide only 1 aspect of the variables that drive the fluid regulatory response.
Both RE protocols elicited significant changes in Na + and K + concentrations; however, the magnitude of these changes was greater following HV. Compared with HI, plasma Na + was significantly greater during HV at IP and 30P. This was consistent with others that reported a greater elevation in plasma Na + following high-volume compared with lowvolume training protocols (24, 26) .
In contrast to the results observed in the present study, Nicholson et al. (24) reported no significant change from baseline in plasma K + following either 4 sets of 10 repetitions (70% 1RM) or 4 sets of 6 repetitions (85% 1RM) of the back squat exercise. Considering the similarity in training intensities used in these studies, the discrepancy in the plasma K + response may be attributed to differences in total training volume. The onset of exercise provokes an initial release of K + ions during muscle contraction (3, 18) , which is partly reflected by an increase in plasma K + (16) . This initial elevation in plasma K + is suggested to be influenced by acute program variables (e.g., exercise intensity and duration) and the muscle mass recruited (18, 22) . This initial elevation is thought to be followed by a rapid clearance of plasma K + to maintain membrane potential (3, 18, 32) . Interestingly, the postexercise reuptake of K + has been shown to exceed its extracellular accumulation causing a reduction in plasma K + below baseline levels following intense aerobic exercise (12, 18, 22) and moderate-intensity (e.g., ;70% RM) RE (16) . Although speculative, it is possible that the additional repetitions performed during HV in the present study resulted in a greater net release of K + compared with HI, causing a greater plasma K + clearance during recovery. Although limited research has compared the electrolyte response with different RE paradigms, the current results appear to suggest that a multiexercise protocol incorporating moderate intensity and high volume, compared with high intensity and low volume, may elicit greater changes in plasma electrolytes.
Plasma ALD was significantly elevated following both RE protocols but displayed a tendency to increase to a greater extent following HV compared with HI. To the best of our understanding, only 1 other investigation in the literature has examined the ALD response to an acute RE protocol. In that study, no significant changes were reported following a single set of leg press performed at 80% 1RM to volitional exhaustion (17) . However, it is likely that the aforementioned exercise stimulus (;21 repetitions) was either too brief or provided an insufficient workload to stimulate any change in the ALD response. Alternatively, endurance exercise has been shown to induce a significant rise in ALD, which is typically stimulated by increases in P osm and circulating electrolytes and a reduction in PV (5, 19, 20) . Although both RE protocols produced significant reductions in PV, the changes in P osm and electrolytes were significantly greater following HV. Therefore, the current findings appear to support previous studies indicating that changes in plasma ALD are dependent on changes in PV, P osm , and electrolytes.
This investigation aimed to examine the fluid regulatory response following 2 common RE protocols. Although differences in the fluid regulatory response were observed between RE protocols, we must acknowledge potential limitations. First, fluid intake and rehydration were not controlled during exercise or the subsequent recovery period. Although all subjects were euhydrated before each trial, rehydration was allowed ad libitum so as to replicate the subjects' typical rehydration practices during exercise. Additionally, we did not assess body fluid loss (e.g., sweat) during trials. Although increased rates of perspiration and respiration during physical activity often cause insensible fluid loss (28) , the extent of fluid lost during an acute bout of RE is reportedly negligible and is believed to play a minimal role in the change in fluid dynamics (6) . To the best of our knowledge, this is the first investigation to compare changes in ALD in conjunction with circulating electrolytes, PV, and P osm following different RE protocols in trained men.
The results of this study indicate that RE elicits significant elevations in ALD and P osm , and change in electrolytes, which are accompanied by a reduction in PV. Although changes in PV were similar between protocols, HV resulted in greater changes in electrolytes and P osm and displayed a tendency to produce a greater ALD response compared with HI. Thus, RE paradigms incorporating high-volume, moderate-intensity training with short rest periods, typical of a training protocol designed to enhance muscle hypertrophy, appear to augment the fluid regulatory response to a greater extent than training programs designed to enhance maximal strength.
PRACTICAL APPLICATIONS
The results of this study suggest that high-volume, moderateintensity RE stimulates a greater change in the fluid regulatory response compared with high-intensity, low volume RE. The physiological relevance for coaches pertains to the understanding that high-volume RE performed following sport practices may potentially exacerbate fluid shifts. Although the present results cannot conclude whether this poses additional risk for the athlete as regards dehydration or heat illness, they provide potential interest for future examination.
